INTRODUCTION
The recent discovery of large, linear crustal magnetic anomalies in the southern hemisphere of Mars Connerney et al., 1999) was an unexpected result of the Mars Global Surveyor mission. The aim of this paper is to show that the observations are consistent with a model in which crust is generated by the successive intrusion of dikes. I discuss three requirements for this mechanism to be plausible: whether the rock magnetization is likely to be high enough; whether the magnetization is likely to be stable for the length of time required; and whether it is possible to generate the crustal thicknesses required. I conclude that all three requirements may be met by a crust 35-60 km thick; if the crust is formed by rifting, high degrees of extension or high mantle temperatures are required during the early history of Mars.
MARTIAN MAGNETIC ANOMALIES
The Martian magnetic anomalies are unusual because of their width, linearity, and magnitude. They extend roughly east-west as much as 2000 km and are 100-200 km wide (the spacecraft altitude of at least 100 km means that shorter wavelength features would not be detected). The magnitude of the magnetic anomalies at 100 km altitude is about 1000 nT . By contrast, terrestrial oceanic magnetic stripes are 10-100 km wide; even the widest stripes would show an anomaly of only a few nanoteslas at 100 km altitude. Terrestrial stripes typically require a 2-km-thick layer with a magnetization intensity (J 0 ) of about 3.5 A m -1 , or a thicker layer with a lower J 0 (Pariso and Johnson, 1993a) . The Martian anomalies require a 30-km-thick layer with a J 0 of as much as 20 A m -1 . Because the large impact basins such as Hellas show no magnetic anomaly, it is likely that the inducing magnetic field shut off before these basins formed ca. 3.9 Ga . There are no obvious topographic or surface features associated with the anomalies.
Previous studies (Mège and Masson, 1996; McKenzie and Nimmo, 1999) have suggested the pervasive presence of dikes on Mars, which are expressed as grabens a few kilometers wide at the surface. A few grabens extending roughly east-northeast are visible in the area that contains the magnetic stripes (Batson et al., 1979) . On Earth, terrestrial mafic dikes can be 50-100 m wide, as much as 2000 km long, and perhaps 5-10 km deep (Fahrig, 1987) . The assumption in this paper is that the Martian magnetic anomalies are the result of successive dike intrusions. As each dike is intruded, it cools and acquires thermal remanent magnetization (TRM) due to the prevailing magnetic field as it passes below the Curie temperature (T c ). Depending on the contrast between the background and dike temperature, and T c , a surrounding zone of material may lose its original magnetization and be remagnetized by the current field. Successive dikes will be magnetized in the same direction; when the inducing field reverses its polarity, so too will the magnetization of subsequently intruded dikes. The periodic reversals require that the locus of intrusion of dikes changes in a systematic way; a spatially random pattern would not produce the coherent anomalies seen, unless individual intrusions were the width of the stripes. Such widths are implausible, as shown in the following.
There are three further requirements for the dike intrusion hypothesis to be plausible: first, the magnetization must be consistent with our understanding of terrestrial rock magnetization; second, the acquired magnetization must be stable for 4 b.y.; and third, the crustal thickness required must be attainable. These requirements are investigated in the following.
TERRESTRIAL ROCK MAGNETIZATION
The closest analogue to the process suggested here is the acquisition of natural remanent magnetization at mid-ocean ridges on Earth. In this situation, the main magnetic component is a titanomagnetite, Fe 2.4 Ti 0.6 O 4 , which at temperatures greater than 600°C exhibits solid solution between a Ti-rich and an Fe-rich end member. Magnetic materials in Martian meteorites are typically either pyrrhotite or magnetite (Collinson, 1997) ; because the latter has a much higher T c (578°C) and greater saturation magnetization (J s ) (Dunlop and Ozdemir, 1996) , it will be assumed that magnetite or titanomagnetite is the principal magnetic phase on Mars.
Young (<2 Ma) terrestrial extrusive mid-ocean ridge basalts (MORBs) have magnetization values of 20-30 A m -1 (Johnson and Salem, 1994) . However, older extrusives undergo low-temperature oxidation to titanomaghemite and/or hydrothermal oxidation, which produces Ti-poor magnetite plus a Ti-rich phase. The result of these processes is to reduce the magnetizatioñ 3-6 A m -1 Johnson, 1991, 1993a; Smith and Banerjee, 1986) . For comparison, a recent study of subaerial Icelandic basalts found a maximum magnetization of 16.2 A m -1 (Kristjansson and Johanesson, 1999) .
Deeper parts of the oceanic crust cool more slowly, which allows the titanomagnetite to exsolve ilmenite lamellae and low-Ti magnetite. This process is extremely important because it reduces the effective size of the magnetite grains to the single or pseudo-single range, thereby causing them to be magnetically stable (Shau et al., 1993) .
The best observations of magnetization in oceanic crustal dikes (layer 2B) and gabbros (layer 3) come from Deep Sea Drilling Project (DSDP) or Ocean Drilling Program (ODP) drill holes and ophiolite studies. Typical magnetizations are 1.6-4.7 A m -1 Johnson, 1991, 1993a; Hall et al., 1991; Johnson and Salem, 1994) ; the deeper sections are less hydrothermally altered (Pariso and Johnson, 1991) and show characteristics of single or pseudo-single domain behavior Johnson, 1991, 1993b) . ODP Hole 735B penetrated Fe-Ti rich gabbros, containing an average of 2% magnetite, whereas the normal gabbros had a magnetite content of about 0.1%. The TRM associated with these Fe-Ti rich gabbros averaged 16.0 A m -1 (Pariso and Johnson, 1993a) .
MARTIAN MAGNETIZATION
The composition of the mantle on Mars has been deduced from the Martian meteorites and geophysical observables such as planetary density. Models of the Martian mantle suggest that it may have twice as much iron, and half as much titanium, as the Earth's (e.g., Longhi et al., 1992) . It is therefore possible that more titanomagnetite will occur in typical Martian volcanic rocks. If the concentration of magnetite in Martian basalts is twice the terrestrial value, the results from the DSDP holes and ophiolites suggest that the magnetization in dikes and gabbros should be between 3.2 and 9.4 A m -1 . If the average composition is similar to that of the Fe-Ti-rich basalts, the magnetization could be closer to 16 A m -1 . Recent experiments (Weitz and Rutherford, 1999) suggest that the crystallization of basalt in the presence of water can considerably increase the amount of magnetite present. Therefore, a plausible range for rock magnetization in the crust of Mars is roughly 5-15 A m -1 . Figure 1 shows the peak-to-peak magnetic anomaly that would be produced by a rectangular prism of rock of variable thickness and magnetization, at an observation height of 100 km. The calculations assume that the top of the prism is 5 km below the surface, and that the stripe extends for 1000 km in each direction perpendicular to its width. They were performed using the method of Blakely (1996, Appendix B) . For a 200-km-wide strip, typical Martian anomaly magnitudes of 1000 nT could be reproduced by a prism 35 km thick with a magnetization of 15 A m -1 . This value is a likely lower bound on the thickness of magnetized material required. Based on estimates of Martian radiogenic element abundances (Longhi et al., 1992) , the temperature at the base of a 4 Ga, 60-km-thick crust would exceed T c unless these elements were entirely extracted into the crust. A thickness of 60 km is therefore a likely upper limit.
COOLING RATES
In order for magnetite grains to remain stable for geological periods, they must exsolve ilmenite lamellae, which depends on cooling rate. However, because of the sluggish kinetics at temperatures of ~600°C, the relationship between cooling rate and ilmenite exosolution is not well understood (Evans and Wayman, 1974) . Terrestrial geological samples show lamellar spacing varying from 0.01 µm to a few microns (Price, 1980) , which is probably due at least in part to different cooling rates. It is likely that rapid cooling will not allow the lamellae to develop (as in pillow basalts on Earth), whereas slow cooling will develop lamellae coarser than the single-domain size (about 1 µm).
An upper limit can be obtained by considering the cooling rate of the layer 3 gabbros on Earth. The gabbroic cumulates are typically 4 -5 km thick; solidification time is therefore likely to be about 300-500 k.y., and time to cool beneath T c would be 60-100 k.y. (Turcotte and Schubert, 1982) , assuming that cooling is from the top only. On Earth, hydrothermal cooling may reduce the solidification time; however, such cooling does not extend deeper than a few kilometers (Pariso and Johnson, 1991) and is therefore unlikely to be important on Mars if the thickness of magnetized crust is ~30 km.
A second constraint is that the Hole 735B gabbros are magnetized in the same direction as the surface extrusives (Pariso and Johnson, 1993b) . Because the duration of the polarity interval was 250 k.y., the time to solidify and cool below T c cannot have been longer than this.
As for the lower limit, the extrusives are cooled rapidly by the hydrothermal circulation. The rate of cooling is not clear, but a layer 1 km thick will probably retain its excess heat for at least a few hundred years. Experimental attempts that failed to produce exsolution textures from homogeneous titanomagnetite samples give a lower bound to the cooling time of 0.1 yr (Vincent et al., 1957) . The solidification time is generally longer than the time to cool from the melting point to T c . Thus, if ilmenite exsolution is responsible for the stability of the magnetic anomalies on Mars, the solidification time scale must be about 10 2 -10 5 yr. The following section investigates whether such a solidification time is consistent with forming a 35-60-km-thick section of crust by dike intrusion. 
DIKE INTRUSION AND COOLING
This process has been modeled in two dimensions by using the finite element model of McKenzie and Nimmo (1999) , ignoring the presence of permafrost. The dike is intruded as a liquid at an initial temperature of 1227°C to a depth of 5 km below the surface. The left and right boundaries are mirror planes; the temperature gradient at the base is constant. Figure 2 shows a typical run after 110.6 k.y., showing temperature contours, the fraction of the dike that has solidified (71%), and the zone around the dike over which T c was exceeded. Parameters that were fixed in all models are shown in Table 1 ; dike thickness, dike width, and the geothermal gradient were varied to examine the effects of these parameters on the final likely magnetization. Figure 3 shows that increasing the dike width decreases the percentage of the dike that solidifies acceptably fast (i.e., <100 k.y.). Increasing the geothermal gradient reduces this percentage, and also increases the total area over which T c is exceeded. If the maximum solidification time is about 100 k.y., then dike widths <~5 km permit solidification of >70% of the dike. Reducing the permitted time by an order of magnitude reduces the maximum width to about 2 km. Therefore, if a 35-60-km-thick crust can be produced by dike intrusion, there is no apparent problem in it generating stable magnetic anomalies of the size required.
CRUSTAL PRODUCTION
One way of generating a crust of such a thickness is by stretching of the lithosphere. Figure 4A plots the thickness of crust generated with varying degrees of crustal stretching and lithospheric parameters, based on the model of McKenzie and Bickle (1988) , but using the parameters in Table 1 . Models were chosen so that the unstretched state generated no melt. For a potential temperature (T p ) of 1430°C, a crustal thickness of 35 km can be generated by a stretching factor (β) of 5, where β is defined as the ratio of initial to final lithospheric thickness. To generate a crust 60 km thick requires a stretching factor of 50 (effectively infinite), unless the potential temperature is higher than 1480°C. Higher mantle potential temperatures or greater stretching factors increase the thickness of melt generated; increased initial mechanical boundary layer thickness decreases the melt thickness. The thickness of melt generated is greater than that on Earth mainly because the gravitational field of Mars is a factor of 2.6 smaller. Figure 4B shows the temperature at the base of the crust immediately following rifting: for large degrees of extension, the total volume of crust that can be magnetized is limited by the depth to the Curie temperature.
In order for the dike intrusion model to be correct, melt generated at the base of the crust must be able to ascend close to the surface. Table 1 . B: Temperature at base of crust generated by stretching as function of stretching factor for different initial lithospheric conditions. ment due to Petford et al. (1994) may be applied. They give an expression for the critical width w c for dike ascent to occur as follows:
( 1) where ∆ρ is the contrast between the density of the melt and the surrounding rock (100 kg m -3 ), H is the height of the dike, and T i is the initial temperature of the basalt (assumed 100°C above T f ); other parameters are defined in Table 1 . For a 35-km-high dike, the minimum critical dike width is about 20 m. Although the conditions on Mars 4 b.y. ago are not well known, unless the mantle potential temperatures were substantially higher than 1430°C, large stretching factors (β>5) are required to generate a 35-km-thick crust. This suggests that seafloor spreading may have been occurring, which would also explain the linear nature of the magnetic anomalies . The linear nature of the anomalies could, however, be explained if long dikes were intruded, the locus of intrusion changing systematically with time.
DISCUSSION
The production of a Martian crust of 35-60 km thickness may have important geophysical consequences. First, the large melt thickness produced during rifting partly offsets the reduction in crustal thickness due to the extension. The net subsidence associated with rifting is therefore small, and may thus help to explain the lack of obvious features associated with the magnetic anomalies in either topography or photographic images. Second, a basaltic crust 35-60 km thick may well cause the Martian lithosphere to be buoyant, thereby making subduction of such areas very difficult. This is one mechanism by which hypothetical early Martian plate tectonics could be halted. Third, a thick crust may extract most of the incompatible radiogenic elements from the mantle. Such a crust is likely to flow, reducing topographic contrasts over the lifetime of the planet.
CONCLUSIONS
The main conclusion of this paper is that successive intrusion of dikes with a width of 20-2000 m and vertical extent of 35-60 km can explain the magnitude of the Martian magnetic stripes if the magnetization is about 15 A m -1 . This magnetization is probably an upper bound, based on observations of terrestrial MORB magnetizations and the inferred Mars crustal composition. The constraints on the dike width are based on the supposition that they must cool in such a way that ilmenite exsolution occurs at a length scale comparable to that of magnetic single domains. Because the kinetics of this process are not well understood, time constraints are derived by comparison with terrestrial rocks. The vertical extent of the dikes is consistent with models of Martian crustal thickness generated by stretching factors greater than ~5 or potential temperatures in excess of 1430°C. The stripes may have been generated either by seafloor spreading, or by a moving locus of dike intrusion.
